Abstract: Water chemistry was monitored monthly for ten months from an acid mine drainage (AMD) seep emanating at Stockton Coal Mine within the Mangatini watershed in New Zealand. Metal concentrations of the seep water were Fe (4.31-146 mg/L), Al (7.43-76.7 mg/L), Cu (0.0201-0.0669 mg/L), Ni (0.0629-0.261 mg/L), Zn (0.380-1.39 mg/L), Cd (0.000540-0.00134 mg/L) and Pb (0.0049-0.0056 mg/L), pH was 2.49-3.34 and total acidity (pH 8.3) was 78.5-626 mg/L as CaCO 3 . Water chemistry signature prompted laboratory mesocosm studies measuring the effectiveness of sulfate-reducing bioreactors (SRBRs) for generating alkalinity and sequestering metals.
Introduction
Numerous watersheds in New Zealand are impacted from acid mine drainage (AMD) typically containing high concentrations of acidity and metals. As a result, biodiversity and ecological health has been significantly altered (Harding and Boothryd, 2004; Harding, 2005) .
The majority of AMD-impacted streams are located on the West Coast of the South Island within or receiving drainage from estuarine coal formations including the Brunner Coal Measures (Trumm et al., 2005) . The Brunner Coal Measures were formed in a marginal marine setting and consist of carbonaceous mudstones and coal containing abundant sulfide and subsequently high acid generating capabilities (Black et al., 2005; Trumm et al., 2005) .
Coal mining operations at Stockton Mine commenced in the 1950's. Leachate from acidgenerating waste rock has impacted the Mangatini, and subsequently the Ngakawau Watersheds (Lindsay et al., 2003; Black et al., 2005) . The active mine is located on the Stockton Plateau within the Brunner Coal Measures about 35 km (22 miles) north of Westport (Figs. 1 and 2).
The mine site is situated on rugged and undulating terrain 500-1100 m (1600-3600 ft) above sea level overlooking the Tasman Sea and receives an average of 6000 mm (236 in.) of precipitation annually (Solid Energy New Zealand Ltd., 2007) . Such environmental extremities coupled with high intensity rain events and occasional snow add additional complexity to AMD remediation strategies on operational mine sites.
AMD Chemistry
The primary metals associated with AMD within the Mangatini watershed include Fe and Al, which consistently accounted for over 98% of metal loading (molar basis) from the seep monitored for this study. Secondary metal pollutants of concern include Cu, Ni, Zn and Cd.
Acidity is generated from the oxidation of sulfide (pyrite (FeS 2 )) minerals within the overburden.
Iron is primarily leached during pyrite oxidation. As a result of acidity created during pyrite oxidation, Al leaches from the ubiquitous micaceous and feldspathic-rich rocks within the carbonaceous mudstones, in itself generating additional metal acidity (Black et al., 2005) . 
Passive Treatment and Sulfate Reduction
Mine-water chemistry and numerous passive treatment options and design criteria specific to mine-water treatment are well documented (Younger et al., 2002; PIRAMID Consortium, 2003; Watzlaf et al., 2003; Wildeman and Schmiermund, 2004; Johnson and Hallberg, 2005) . The focus of this study concerns systems based on SO 4 2-reduction including sulfate-reducing bioreactors (SRBRs) and vertical-flow wetlands (VFWs). Sulfate-reducing bioreactors were chosen as the most promising passive treatment technology for treating AMD at the project site because of their capability to sequester Fe, Al, Cu, Ni, Zn and Cd in AMD (Gusek, 2002; Gusek and Wildeman, 2002; Wildeman et al., 2006) . Doshi (2006) and Neculita et al. (2007) (Gusek, 2002 and Wildeman et al., 2006) .
In general, SO 4 2-reduction occurs in environments where sulfate-reducing microorganisms flourish. Conditions include pH≥3 and adequate quantities of labile C and SO 4 2- (Elliot et al., 1998; Doshi, 2006) . Metal removal from mine waters tends to occur most efficiently at more circumneutral pH's (5.0-8.0) and at higher temperatures. Zagury et al. (2006) found that SO 4 2-reduction was most effective when incorporating a mixture of organic substrates as opposed to using an individual substrate. Numerous SRBRs and VFWs have incorporated various organic waste products ranging from simple carbon sources such as lactate and ethanol to more complex carbon sources such as hay, alfalfa, sawdust, paper, woodchips, etc. (Younger et al, 2002; Gusek, 2004; Zagury et al., 2006) . It is also recommended to include an organic source already naturally inoculated with sulfate-reducing bacteria such as compost or manure (Gusek, 2004; Doshi, 2006 (Trumm et al., 2006) . Removal efficiencies by day 58 of this system with an average hydraulic residence time of 20 hours were 100% acidity, 99% Fe, 96% Al, 95% Ni and 99% Zn. The system operated for 151 days.
Purpose and Scope
This paper reports preliminary research outcomes for developing the most appropriate and effective passive treatment option for ameliorating AMD from Manchester Seep at Stockton
Mine. Data includes characterization of flow and water chemistry of the seep water. Results of the mesocosm-scale SRBRs treatment efficiencies are also presented.
Methods

Site Selection
Numerous AMD-impacted seeps were sampled during the preliminary stages of this research. Stockton Mine was chosen as the research field site for numerous reasons. Historic and active mining induced AMD at Stockton has significantly altered ecological health of numerous local streams and their receiving water bodies. Water chemistry, although variable across the mine, is representative of many AMD-impacted streams in New Zealand and considered appropriate for passive treatment. Sufficient land area and readily available logistical support were also considered because of future research plans to construct and assess pilot-scale passive treatment systems and potential to expand to a full-scale system. Manchester
Seep was chosen as the primary focus of research efforts. Figures 3 and 4 show Manchester
Seep and its associated sedimentation pond receiving AMD seepage. Current and future mining activities were not expected to alter water chemistry and associated flow at the site during this study. In the laboratory experiment, effluent from the SRBRs was collected directly into methodspecified sample bottles and chilled at 2-6 o C until analyzed. Samples for the water quality parameters measured using portable instruments were collected in high-density polyethene (HDPE) sampling bottles. Data was recorded when readings stabilized. AMD samples were collected from influent into the SRBRs. Water quality parameters were measured in-situ directly in the AMD feed tank using portable meters.
Water quality parameters including pH, conductivity, dissolved oxygen (DO), oxidationreduction potential (ORP) and turbidity were measured at the time of sampling using portable water quality instruments. Instruments were calibrated just prior to sample collection using fresh standards and validated to ensure they maintained calibration following measurements. Sample pH was measured using a YSI Model 60 pH meter field calibrated with pH 4.01 and 7.00 standards (and pH 10.00 standard when applicable) and checked with a pH 1.68 standard. analysis were collected in unpreserved HDPE containers and analyzed following APHA Method 5210B (APHA, 1998).
Alkalinity (pH 4.5) was analyzed using a modified version of APHA Method 2320B (APHA, 2005) . Acidity (pH 3.7) and total acidity (pH 8.3) were analyzed using a modified version of APHA Method 2310B (APHA, 2005) . Titrants used were 0.1 N HCl and 0.02 N NaOH. Sample pH endpoints for titrations performed by Hill Labs were determined using a radiometer autotitrator and method specified indicators. Alkalinity (pH 4.5), acidity (pH 3.7) and total acidity (pH 8.3) were determined from titration curves for samples analyzed at the University of Canterbury. Hot peroxide treatment was performed on all AMD samples to oxidize iron by adding five drops of 30% H 2 O 2 and boiling the solution in a covered Erlenmeyer flask for two to three minutes. Samples were allowed to cool to room temperature prior to titration. An EDT Instruments RE357 TX pH meter calibrated with pH 4, 7 and 10 standards was used to measure pH when determining titration curves. Calculated acidity was computed using the following equation where C Fe 2+ , C Fe 3+ , C Al , C Cu , C Ni and C Zn represent their respective metal concentrations in mg/L (modified from Watzlaf et al., 2003) . 
Flow Measurements
Flow was monitored at the research site to ascertain flow rates emanating from Manchester
Seep. Flow was typically monitored monthly from the outlet culvert of Manchester Pond (Fig. 3) using the bucket and stopwatch method. A minimum of five replicates were taken and averaged to determine mean flow. The bucket volume was 12.7 L as verified by filling with 2000 and 1000 mL graduated cylinders.
Influent into each laboratory SRBR was measured typically on a daily basis using 25 mL graduated cylinders and a stopwatch. Calibration-curve relationships were developed for two graduated cylinders at 5 mL increments using deionized water and a microbalance since graduated cylinder volumes were deemed sufficiently accurate only at the 25 mL marks.
Influent flow into each SRBR was measured using the same graduated cylinder throughout the experiments for consistency.
Preparation, Operation and Experimental Design of Mesocosm Sulfate-Reducing Bioreactors
Mesocosm treatability tests were performed in a controlled laboratory setting at the limestone (2.5%) and mussels shells (12.0%). weeks with exception of SRBR-1 (12.4 weeks) due to less effective metal removal compared with other SRBRs and Perm-3 (11.3 weeks) due to caustic effluent. The operation of these less effective systems were also terminated to reduce AMD shipments required. Sampling was typically conducted on a weekly or biweekly basis and prior to increasing AMD flow rate. The dissolved-metal fraction was sampled for the first six sampling periods (or 9.5 weeks of system operation). The acid-soluble fraction was sampled thereafter since TSS in reactor effluent stabilized at that point.
Results and Discussion
Manchester Other metals (Fig. 8 and Table 2 
Discussion of Reactor Treatment Effectiveness -Metals and Acidity
All reactors exhibited good metal removal capabilities ( Fig. 9-13 ). SRBR-1 was least effective at generating alkalinity and sequestering metals. Perm-3 showed the best metal removal efficiency, but effluent was caustic. Systems containing mussel shells as the primary alkalinity source displayed the best alkalinity generation and metal sequestration of all feasible substrate mixtures tested. The substrate mixture in Perm-1 showed the most promise. Perm-2, SRBR-2, SRBR-3 and SRBR-4 also displayed good treatment performance, but not as effective as Perm-1.
Overall, Al, Cu, Ni, Zn, Cd and Pb were easily removed in reactors containing mussel shells during stable operating conditions (weeks 5-16) as shown in Table 3 . Iron was also successfully Figure 11 . Influent and effluent acidity areal loading and discharge during the mesocosm-scale SRBR treatability tests. Acidity measured on a g CaCO 3 /m 2 substrate surface area/day basis and presented on a log scale. Table 4 . However, Cd and Pb effluent concentrations remained below practical quantization limits (PQLs) except for SRBR-4. Copper and Ni concentrations were below PQLs throughout the experiments for Perm-1 and Perm-2, but detectable at the highest metal loading rates tested for SRBR-2, SRBR-3 and SRBR-4. Effluent Zn concentrations were consistent throughout the experiments except at the highest loading rates tested for SRBR-2, SRBR-3 and SRBR-4. Zinc concentrations increased about an order of magnitude for SRBR-2 and SRBR-3 and about two orders of magnitude for SRBR-4. Effluent
Al concentrations increased about an order of magnitude for all reactors at the second highest metal (0.73-0.83 moles/m 3 /day) and acidity (66-80 g CaCO 3 /m 2 /day) loading rates compared with lower loading rates. Aluminum concentrations increased an additional order of magnitude at the highest metal loading rates evaluated for SRBR-2 and SRBR-3 and an additional two orders of magnitude for SRBR-4. Effluent Al concentrations for Perm-1 and Perm-2 were about two to three times greater at the highest metal loading rates compared with the second highest metal loading rates. All systems incorporating mussel shells showed a significant decline in Fe removal at the highest metal loading rates tested with effluent concentrations 3.7-7.8 times greater than at the second highest metal loading rates. In SRBR-1, limestone was the only alkalinity generating material, excluding bicarbonate (HCO 3 -) generated by SO 4 2-reduction. Although SRBR-1 contained the least amount of alkalinity generating material on a volumetric basis, it actually contained more on a weight basis compared with all other reactors of equal volume. Limestone used in SRBR-1 was likely too large (20-70 mm diameter) to achieve optimal dissolution due to less surface area exposed to influent AMD compared with smaller diameter material. Gusek and Wildeman (2002) Nodulated stack dust in Perm-3 was the primary media contributing to its ability to sequester metals better than all other reactors. It dissolved quicker than mussel shells and limestone when contacted with AMD. However, caustic effluent containing pH of 9.23-10.27 and an export of sulfur yielded the system unfeasible for field-scale implementation so operation was terminated after 11.3 weeks of operation. More than 99.9% of metals were removed, including Fe, at the highest metal and acidity loading rates tested in Perm-3 (0.414 moles/m 3 /day and 44.6 g CaCO 3 /m 2 /day).
Perm-1 showed the best treatment performance overall after eliminating NSD as a suitable reactive media (Fig. 9-13 Perm-2 displayed the next best treatment performance after Perm-1. However, results from SRBR-4, which contained the same substrate mixture as Perm-2, indicate that reactor shape and subsequently substrate depth influence treatment performance ( Fig. 9-13 limestone and 12% mussel shells used in SRBR-4 ( Fig. 9-13 ). Treatment performance of SRBR-2 and SRBR-3 were similar throughout most of the experiment. However SRBR-3 outperformed SRBR-2 at the maximum metal loading tested ( High concentrations of fecal coliforms and BOD 5 were measured initially in the effluent but were reduced to stable concentrations within nine weeks. Fecal coliform counts averaged 36,000 cfu/100 mL (6000-80,000 cfu/100 mL) after one week, 252 cfu/100 mL (10-700 cfu/100 mL) after five weeks and <10-15 cfu/100 mL after nine weeks. Concentrations of BOD 5 averaged 1500 mg/L (1070-2150 mg/L) after one week, 98.3 mg/L (76.9-116 mg/L) after five weeks and 19.3 mg/L (9.9-29.9 mg/L) after nine weeks. Therefore, it may be necessary to treat effluent for high fecal coliform and BOD 5 concentrations, depending on compliance, until concentrations stabilize to acceptable discharge levels.
Conclusions
Sulfate-reducing bioreactors containing mussel shells and forestry waste products offer a promising technology for mitigating acidity and sequestering metals associated with AMD at Stockton Mine in New Zealand. Mussel shells tend to dissolve more readily than limestone in the presence of AMD as indicated by alkalinity generation in the SRBRs evaluated in this study.
Possible contributing factors include grain size, shape, reactive surface area, unique mineralogy (aragonite and calcite) or mineralogical dynamics and consequent structural change when dissolved. Therefore, SRBRs containing mussel shells and a diversity of carbon sources exhibit more efficient AMD treatment than systems utilizing limestone as the sole alkalinity source.
Additionally, labile carbon attached to the mussel shells and nitrogen within the mussel shell matrix may potentially benefit the consortium of microorganisms which develop as systems reach stable treatment conditions (after 5 weeks in this study). Forestry waste products including
Pinus radiata bark, post peel and composted wood provide sustainable short and long-term carbon sources for microorganisms. Substrate mixtures used in this study are considered low risk for plugging but are of potential concern if used on a long-term basis in a SRBR. Hydraulic conductivity rates measured on the substrate mixtures were on the order of magnitude of 1E-3 m/s. The hydraulic conductivity of compost alone used in this study was one to two orders of magnitude less indicating that system clogging is more likely if compost is used alone.
Based on results of the mesocosm-scale reactors, a preliminary design criteria greater than 0.8 moles of metals/m 3 of substrate/day (32.3 g of metals/m 3 of substrate/day) is appropriate for pilot-scale treatment system designs. Applying an acidity areal loading design criteria is less certain although results indicate acidity removal greater than 66 g CaCO 3 /m 2 /day. Regardless, contaminant loading rates should be reevaluated or reduced to avoid potentially altering the biogeochemical system balance if effluent pH falls below 6.7. System hydraulics are also an important design consideration. Maximizing bioreactor substrate depth and minimizing surface area footprint should be considered to reduce treatment footprint and reduce discrepancies between actual hydraulic residence time and theoretical hydraulic residence time (tracer studies are currently being conducted to assess actual residence time and system hydraulics).
Although this research offers a promising passive-treatment solution for mitigating acidity and sequestering metals from AMD, system longevity is unknown and has yet to be demonstrated in a field application. The extreme rainfall quantities (>6000 mm/year ( >236 in./year)) and intensities typical at Stockton Mine need to be considered when scaling the reactors up to pilot or industrial scale. Since land disturbances are typical at active mine sites, extreme care and planning is essential to ensure that chemistry and flow of AMD seeps is not exacerbated. Treatment effectiveness of SRBRs will be reduced, as demonstrated in this study, if metal and acidity loading exceeds system limitations (or design criteria). Implementation of an SRBR or VFW to treat Manchester Seep AMD should incorporate contingency overflow diversion to prevent system overloading and damage in the event of unexpected site disturbances.
While this study has demonstrated successful treatment of AMD at a mesocosm scale using waste products as the substrate media, there are further considerations required in up-scaling to operational sized systems. Ideally, an SRBR would comprise part of an overall treatment train which would be preceded with a sedimentation pond to capture diffuse sediment inputs upstream. Further downstream, aerobic wetlands, rock filters or ponds should be incorporated to increase DO from SRBR effluent and reduce fecal coliforms and BOD 5 concentrations. Overall,
